Abstract-In this letter, the performance is compared for slowfrequency-hop and direct-sequence spread-spectrum packet communication systems of similar complexity with doubly selective fading channels characterized by several different multipath delay profiles and Doppler spreads. The delay profiles are chosen to reflect experimental measurements of mobile-radio channels, and the Doppler spreads are chosen to represent the range of carrier frequencies and vehicle speeds encountered in common mobile communication systems.
I. INTRODUCTION

B
OTH slow-frequency-hop (SFH) and direct-sequence (DS) spread-spectrum modulation are well suited to combat fading that limits performance in mobile packet radio communications. If it is used in conjunction with coding and interleaving, SFH spread spectrum provides diversity by taking advantage of the frequency selectivity of the fading. DS spread spectrum provides diversity by permitting individual multipath components in the received signal to be resolved and combined in the receiver. These two forms of diversity result in different performance characteristics for the two modulation formats.
The difference in performance is examined in [1] , in which SFH and DS systems of comparable complexity are defined, and their performance is compared over several purely frequencyselective fading channels. In this letter, we extend the investigation in [1] to doubly selective fading channels. The probability of packet error is determined for each system for a single transmitter-receiver pair. Several different propagation environments are examined by considering channels with different multipath delay profiles. The effect of the center frequency of the system and the relative speed between the transmitter and the receiver is examined by considering a range of Doppler spreads.
II. CHANNEL MODEL [3] so that its time varying, baseband-equivalent impulse response is characterized by a complex-valued Gaussian random process . The channel consists of a specular part, which is a set of paths with deterministic amplitudes and random phase angles, and a diffuse fading part, which is a set of Rayleigh-fading paths. The specular part of the channel is given by (1) where is the number of discrete specular paths and is the propagation delay of the th specular path. The diffuse part of the channel is characterized by the autocovariance function (2) where the integral of the function is equal to 1. The delay spectrum is given by , and the function is the time-correlation function. An exponential time-correlation function [2] is used for the numerical results presented in the paper. For this function where is the normalized Doppler spread and is the duration of a channel symbol. Other time-correlation functions were examined, but we found that the relative performance of the DS and SFH systems is about the same as for the exponential time-correlation function.
Two parameters of interest in describing the channel model are the power ratio and the delay spread. The power ratio for the th specular path is the ratio of the squared magnitude of the path's attenuation to the diffuse power in the fading process, and it is given by . Each delay spectrum considered in this letter has finite support, and the delay spread of the channel is defined to be the difference between the maximum and minimum values in the support of the channel's delay spectrum. In the numerical results, the values of the channel parameters reflect the characteristics observed in many wide-band channel measurements, such as those reported in [4] .
III. DESCRIPTION OF DS AND SFH SYSTEMS
The SFH system and the DS system are described in detail in [1] . Each uses binary differential phase-shift-keyed (DPSK) modulation with noncoherent demodulation. Each transmits packets of binary channel symbols with symbol rate and with a power that is constant for the duration of a packet. The transmitted signal is distorted by the channel described in Section II, and corrupted by additive white Gaussian noise 0090-6778/02$17.00 © 2002 IEEE (AWGN) with noise power density . The total bandwidth available to each system is . The terminology adopted in this letter for the SFH system is consistent with the terminology in [5] . The null-to-null bandwidth of the data signal is before spreading if a rectangular waveform is used, so the number of available frequency slots is . Each packet is transmitted using a frequency-hopping pattern in which each frequency is chosen randomly from the set of center frequencies. Information is encoded with an extended Reed-Solomon (RS) code. Each -ary code symbol is transmitted as differentially encoded bits.
Each information packet is encoded to give code words. The code words are block interleaved as in [1] . Each information packet requires dwell intervals, and code symbols are transmitted during each dwell. Numerical results are given in the paper for a SFH system that uses a (32,16) RS code and packets that contain 1600 differentially encoded bits (320 code symbols), so that . In the DS system, the data signal modulates a spreading waveform obtained from a random spreading sequence, and a rectangular chip waveform of duration . The null-to-null bandwidth of the DS signal is , and the signal occupies the available system bandwidth, so the normalized chip rate is chips per symbol. The information bits in a packet are encoded with a binary, rate-1/2 convolutional code constraint length 7, with a minimum free distance of 10. Known symbols are appended to the information so that the encoder is terminated in a known state.
The binary code symbols of a packet in the DS system are block interleaved in a single by block so that the interleaving depth is . All minimum-weight error events of the code span 18 or fewer symbols, so that effective time diversity is achieved for all minimum-weight error events only if . In the numerical results, we use a 20 80 interleaver for each packet of 1600 binary code symbols.
The DS spread-spectrum receiver is a rake receiver consisting of three demodulators. Soft-decision symbol metrics are generated using equal-gain square-law combining of the demodulator outputs. The decoder uses the metrics for soft-decision Viterbi decoding.
IV. PERFORMANCE EVALUATION
The performance for each system is considered for a single transmitter-receiver pair. The probability of error for the SFH system is calculated using the approach in [1] . Since we consider channels with a delay spread that is small, relative to the symbol duration, intersymbol interference is negligible and the fading is accurately approximated as nonselective in frequency within each slot. The probability of packet error in the DS system is obtained by Monte Carlo simulation. The performance of the SFH and DS systems is characterized by the probability of packet error as a function of the signal-to-noise ratio (SNR) , where is the average received energy per information bit. The performance of the SFH spread-spectrum system and the performance of the DS spread-spectrum system are compared for several channels that together exemplify the wide range of propagation conditions that can occur in mobile communications. All comparisons are for a probability of packet error of . Consider first the performance of the SFH and DS systems with a channel in which the received signal power is distributed over a wide range of path delays, but with a substantial portion of the power concentrated in a few specular paths. The channel is denoted channel A, and its delay spectrum is shown in Fig. 1(a) . The channel consists of three specular paths at delays , 0, and , respectively, and a diffuse-delay spectrum with Channel A has a delay spread of , and the three specular paths have power ratios given by dB and dB. The three demodulators in the rake receiver of the DS system are synchronized to the delays of the three specular paths. The probability of packet error is shown in Fig. 2 for channel A. The performance of the SFH system varies by only 0.5 dB as the Doppler spread varies between 0-0.004. The performance of the DS system, however, varies by nearly 5 dB over the same range of Doppler spreads. If , the DS system achieves a packet error probability of if is 15.4 dB, whereas the SFH system achieves the same probability of error if is 16.7 dB. If , however, the DS system performs about 4 dB better than the SFH system. If the Doppler spread is 0.004, the DS system performance is superior to the SFH system by slightly less than 5 dB.
To illustrate the significance of these results, consider a DS system and a SFH system, each of which has a symbol rate of 25 ks/s. Channel A thus corresponds to a channel with a delay spread of 2.4 s, and the system bandwidth is 5 MHz. Suppose the mobile velocities range between 0-120 km/h. If the center frequency is 56.25 MHz, which is employed in some tactical military communication systems, the Doppler spread is at most 0.000 25, and the DS system exhibits performance that is as much as 2 dB better than the performance of the SFH system. Suppose instead that the center frequency is 225 MHz, which is representative of some tactical military applications, as well as some public safety communications. Then the Doppler spread is, at most, 0.001. If the center frequency is 900 MHz, which is representative of commercial cellular communications, the Doppler spread is no greater than 0.004. If the systems employ one of the two higher center frequencies, the performance of the DS system exceeds the performance of the SFH system by as much as 5 dB if the mobile velocities are high.
Contrast the performance shown in Fig. 2 with the performance that results if less power is present in the specular components of the received signal. This is illustrated in Figs. 3 and  4 . The probability of packet error for the SFH system and the DS system is shown in Fig. 3 for a channel with a rectangular diffuse delay spectrum that is centered at a delay of 0 and has a delay spread of . It also contains a single specular component at a delay of 0, and 1/5 of the average power in the received signal is in its specular component. The power ratio is thus given by dB. This channel is denoted channel B, and its delay spectrum is illustrated in Fig. 1(b) . The demodulators in the rake receiver of the DS system are synchronized to path delays , 0, and . The performance of the SFH system shows almost no variation as the Doppler spread varies between 0 and 0.004. The performance of the DS system varies by nearly 5 dB over the same range. Moreover, the performance of the DS system is better than that of the SFH system only if the Doppler spread is greater than 0.0005, and it is much poorer if the Doppler spread is very low. The performance of the two systems is shown in Fig. 4 for a channel with the same diffuse delay spectrum as in the previous example, but with no specular components in the received signal. This channel is denoted channel C. The performance of the SFH system is comparable or superior to the performance of the DS system for any Doppler spread, and the difference is approximately 3 dB if the Doppler spread is very low. Thus, if the diffuse components of the channel are widely distributed in delay, the absence of strong specular components in the channel is very detrimental to the performance of the DS system relative to that of the SFH system. In part, this is a consequence of the fact that, even with three demodulators, less than half of the power in the received signal is exploited by the rake receiver in the DS system.
Consider again the example of DS and SFH systems with a symbol rate of 25 ks/s, so that channels B and C correspond to channels with a delay spread of 3.1 s. The results shown in Figs. 3 and 4 demonstrate that the SFH system exhibits similar or better performance than the DS system in many circumstances, if the most of the energy in the received signal is distributed over a wide range of delays. For a channel such as channel B with a single moderate-strength specular component, the performance of the DS system is similar to the SFH system performance if the center frequency is high and the mobile velocity is not too low. However, the SFH system is superior if the mobile velocity is moderate to low and the center frequency is 225 MHz, and the SFH system is superior regardless of the mobile velocity if the center frequency is 56.25 MHz. If the received signal has only diffuse components, such as occurs with channel C, the SFH system performs better than the DS system for all center frequencies and mobile velocities.
Suppose instead that most of the power in the diffuse component of the received signal is concentrated closely around a small number of path delays. For such a channel, a rake receiver with a small number of demodulators can be used in a DS system to exploit most of the power in the signal. This is illustrated by considering a channel that consists of three discrete, Rayleigh-fading paths and no specular components. The channel is denoted channel D, and its delay spectrum is shown in Fig. 1(d) . The Rayleigh-fading paths are separated by delays of . The probability of packet error is smaller for the DS system than for the SFH system for all Doppler spreads, and the performance of the DS system is more than 5 dB better than the performance of the SFH system if . It is clear from the examples discussed above that the relative performance of the DS and SFH packet radio systems depend highly on the delay spectrum of the channel. The relative performance of the DS system is best if a large fraction of the power in the received signal is concentrated in a few resolvable specular paths. The relative performance of the DS system is also better if the power in the diffuse component of the received signal is concentrated around a small number of resolvable path delays than if it is distributed evenly over a wide range of path delays. Most of the variation in the relative performance of the SFH and DS systems is due to the sensitivity of the DS system to the characteristics of the channel. The performance of the SFH system varies by only 1.8 dB over the delay spectra and the Doppler spreads considered in this letter. In contrast, the delay spectrum affects the performance of the DS system by as much as 6.4 dB for a given Doppler spread, and the Doppler spread affects the performance of the DS system by as much as 5.3 dB for a given delay spectrum. Taken together, the characteristics of the channels considered in the examples can affect the performance of the DS system by more than 11 dB.
The sensitivity to the Doppler spread exhibited by the performance of the DS system results from its dependence on the time diversity achieved by coding and interleaving. For a given Doppler spread, the time diversity increases with the interleaving depth of the packet. Thus, if system constraints permit it, the performance of the DS system can often be improved if packets are increased in size to permit a greater interleaving depth. Consequently, for the delay spectra considered in this letter, the performance of the DS system may improve relative to the performance of the SFH system for a given Doppler spread, if a larger packet size is considered. But in each example, there is a critical Doppler spread below which the performance of the SFH system is superior to that of the DS system. And the DS system will still exhibit a much greater variation in performance over the full range of Doppler spreads than the SFH system.
V. CONCLUSION
Our results show the performance of the SFH system is insensitive to variations in the Doppler spread of the channel. The time selectivity of the channel does not significantly increase the level of diversity that can be obtained using SFH spread-spectrum modulation. In contrast, the level of diversity that is obtained with DS spread-spectrum modulation depends heavily on the channel's time selectivity. Thus, the performance of the DS system is very sensitive to the Doppler spread of the channel, and much better performance is obtained for large Doppler spreads. Consequently, for a given channel and packet size, the performance of the SFH system is best relative to the performance of the DS system if the Doppler spread of the channel is small, and the relative performance of the DS system is best if the Doppler spread is large. Our results also show the relative performance of the DS system is best if most of the power in the received signal is concentrated in a small number of resolvable specular or diffuse multipath components. If the signal power is spread evenly across a wide range of path delays, the SFH system exhibits performance superior to that of the DS system.
